Summary Daytime xylem sap flow was measured by the compensation heat pulse velocity technique in dipterocarp forest trees growing on sandy loam (haplic acrisol) and in heath forest trees growing on bleached sand (albic arenosol) in Brunei during wet and dry periods. In dipterocarp forest trees, daily sap flow was stable during the dry period but declined on rainy days presumably as a result of reduced transpiration. At the heath site, daily sap flow of the small trees was stable during the dry period, whereas it declined in the large trees as the dry season progressed. In some trees at both sites, the hydroactive area of xylem was less during the dry period than during the wet period. Daily sap flow was linearly related to projected crown area, and a common regression fitted trees of different species from both forest types. The dry/wet period ratio of sap flow (about 0.7) was statistically equivalent for heath and dipterocarp forest trees, whereas it had been expected that trees on the freely draining arenosol would suffer greater water stress during drought. For well-watered trees ≥ 0.2 m dbh (diameter at 1.3 m above ground) in both the dipterocarp and heath forests, stand water use was estimated to be 40 mm month −1
Introduction
In the humid tropics of Borneo, heath forest, characterized by floristically distinct vegetation with small tough, leathery leaves (microphylly and sclerophylly), develops on coarsely textured, very sandy soils. Taller, more species-rich dipterocarp forests occur on soils containing clay (Whitmore 1984) . It is not known whether the special features of heath vegetation are due mainly to nutrient deficiency, especially phosphate limitation (Loveless 1962 , Beadle 1966 , Specht 1979 , water stress (Brunig 1971 , Kruger 1979 , Whitmore 1989 , or an interaction between water regime and nutrient availability Medina 1979, Bongers et al. 1985) . Many of the attributes of heathland species such as slow growth rates and sclerophylly are characteristic of plants adapted to conserve nutrients or water (Connor and Doley 1981) .
I measured sap flow in individual trees by the compensation heat pulse velocity technique to test the hypothesis that water uptake is reduced more in heath forest than in dipterocarp forest during drought. Preliminary estimates of stand water use are also reported.
Materials and methods
Sap flow measurements were made in a mixed dipterocarp forest at Andulau Forest Reserve (4.66° N, 114 .52° E, 37--59 m asl) and in a tropical heath forest at Badas Forest Reserve (4.57° N, 114.41° E, 11--16 m asl) in Brunei (central north Borneo). Annual rainfall is about 3000 mm with drier periods (≤ 100 mm month −1 ) occurring in March and August (Becker 1992) . A general description of heath and dipterocarp forests is given by Whitmore (1984) . The vegetation and soils at the study sites have been described in detail by Ashton (1964) and Brunig (1974) . Davies and Becker (1995) have shown that the floristic composition and stand structure of the 0.96-ha study plots are characteristic of their respective forest types. The sandstone-derived haplic acrisols and dystric fluvisols in the dipterocarp forest plot exceed 1 m in depth. Slopes are moderate (≤ 20°) and have a 0.1-m thick humus layer overlying loamy sand grading to sandy loam. On the terrace in the heath forest plot, an albic arenosol with a 0.15-m thick humus layer overlies an indurated humic horizon at 2 m depth. Stem basal area (39 and 36 m 2 ) and stem frequency (1484 and 1341) of trees ≥ 0.05 m dbh (diameter at 1.3 m above ground) were similar in the dipterocarp and heath forest plots, respectively. The heath forest was 30--50 m in height and had 113 tree species, whereas the dipterocarp forest was 40--60 m in height and contained 393 species; only 7% of all species occurred in both plots. Species dominance was greater in the heath forest with Agathis borneensis comprising 65% of the total basal area compared with only 7% for the most dominant species, Dryobalanops aromatica, in the dipterocarp forest plot. The five species with the largest total stem basal area and the five most frequent species were selected from each forest type for study (Table 1) .
Dry period measurements were made during April 10--24, 1993, following 81 days in which the 30-day total rainfall was less than 100 mm (Figure 1 ). Wet period measurements were made during November 22--29 and December 21--28, 1993 (Trees A0303, A1239 and B0430 only), when the 30-day total rainfall exceeded 150 mm.
Sap flow in Bornean heath and dipterocarp forest trees during wet and dry periods

Sap flow measurements
The compensation heat pulse velocity technique was used to measure sap flow in 10 trees at both sites simultaneously. On each tree, two probe sets were implanted opposite each other and monitored with a data logger. Each probe set comprised two stainless steel sensor probes containing two pairs of thermistors spaced 10 mm apart and aligned 10 mm above and 5 mm below a central heater probe (Greenspan Technology, Warwick, Queensland, Australia). Heat pulse duration was 1.2 or 1.6 s, and heat pulse velocity at four depths in the hydroactive xylem was recorded every 30 min. A core was taken near to where probes were implanted to determine, by color and texture, the approximate inner and outer boundaries of the sapwood and its volume fractions of wood and water. To account for tree size effects, crown areas were calculated from a vertical projection of the crown perimeter, sighted with the aid of a self-leveling mirror.
Sap flow analysis
Sap velocity-depth profiles were compared for the peak (1000--1400 h) and minimum (2200--0200 h) flow periods ( Figure 2 ). If the sap velocity (mean − 2 SE) of the peak period overlapped that (mean + 2 SE) of the minimum period, that depth was considered nonhydroactive. That is, the absence of diel fluctuation in sap velocity at a particular depth was taken to indicate nonconductive tissue, and sapwood boundaries were adjusted accordingly. This approach was necessary because it is impossible to distinguish low from zero sap flow by the compensation heat pulse velocity method. For this reason also, sap flow calculations were restricted to daytime (sunrise to sunset). Sap velocities were calculated using SAPCAL X software (v. 2.51, Greenspan Technology) as described by Edwards and Warwick (1984) , with no imposed time-out value for return to thermal balance. Heat pulse velocity was corrected for implantation wound effects (Swanson and Whitfield 1981) , based on a wound diameter of 2.2 mm. Sap flow was calculated by using an area-weighted average of the point estimates of sap velocity as described by Hatton et al. (1990) Results and discussion
Daily variation in sap flow
In the dipterocarp forest, daily sap flow was stable during the dry period, but declined on rainy days when low vapor pressure deficits and low incident radiation presumably reduced transpiration ( Figure 3a) . In both forests, coefficients of variation within trees were low, ranging from 4 to 15% (n = 15 days, mostly) during the dry period and 8 to 21% during the wet period (n = 8 days). In the heath forest, daily sap flow was stable during the rainless period in the small trees, but it declined throughout the rainless period in the large trees, especially in A. borneensis (Figure 3b ).
Tree size and seasonal variation in sap flow
There was a linear relation between mean daily sap flow and projected crown area, although the coefficient of determination (r 2 ) was less in the dry period than in the wet period (Figure 4) . Èermák et al. (1995) also noted that among-tree variation in sap flow is greater during a dry period than during a wet period. There was up to 2.5-fold variation among simultaneous duplicate or triplicate measurements of sap flow on the same tree, and the variation was greater in large trees than in small trees ( Figure 5 ). However, the scatter about the regressions for the multispecies plot in Figure 4 was no greater than that for the single species shown in Figure 5 , indicating that the species effect was small compared with that of tree size. The same regression provided a good fit for both forest types, especially during the wet period (Figure 4 ). Jordan and Kline (1977) also concluded that the relation between transpiration and sapwood area was independent of species and soil type.
Mean peak sap velocities were lower during the dry period than during the wet period in four of seven dipterocarp forest trees and seven of nine heath forest trees. Three trees had smaller hydroactive areas during the dry period than during the wet period (Figure 2 ), probably as a result of the formation of embolisms caused by water stress (see Hatton et al. 1995) . Steinberg et al. (1989) also stated that the conducting area of xylem is not constant over time.
I hypothesized that, during drought, heath forest trees growing on well-drained sand would exhibit a relatively greater reduction in water use than dipterocarp forest trees growing on sandy loam. Based on the slopes of the reduced major axis regressions, which intersected only for the smallest measured trees (Figure 4) , daily sap flow was significantly lower during -24, 1993 (dry period), for seven dipterocarp forest tree species (a) and 10 heath forest tree species (b). Daily rainfall of 6.9 and 16.5 mm was recorded at 0900 h at Sg. Liang on Julian days 100 and 110, respectively. Sap flow estimates for Agathis borneensis in the upper panel of (b) may not be absolutely accurate because it was not possible to measure the full hydroactive profile in this species; however, the data reliably indicate the relative daily variation in sap flow. the dry period than the wet period. However, the relative reduction in water use during the dry period was not significantly different (Mann-Whitney test, U = 33, P = 0.48) between heath and dipterocarp forest trees. Median values of the dry/wet period ratio of mean daytime sap flow per tree were 0.8 (range 0.4--1.5, n = 6) and 0.6 (range 0.4--1.5, n = 9) for the dipterocarp and heath forest trees, respectively. These results suggest that the heath forest trees had access to deep water, or that within-tree variation in sap flow measurements prevented detection of different responses to drought by the two forest types. However, during a severe drought in an Amazonian forest, measurements of water absorption from the upper 8 m of soil indicated that evapotranspiration declined just 25% from the rates measured at the beginning of the dry season (Nepstad et al. 1995) , a value similar to that measured in the present study.
Stand water use
Because bole diameters were the only measure of size recorded for most of the trees in the 0.96-ha study plots, basal area was used to scale transpiration from this nonrandom sample of trees to the stand (cf. Calder et al. 1992) . However, the regression of sap flow against basal area, after log-transformation to linearize the data (Figure 6 ), indicated that basal area (r 2 = 0.62) was not as effective as crown area (r 2 = 0.91) in accounting for the variation in sap flow among trees during the wet period (cf. Figures 4 and 6) .
Another limitation of the stand estimate of heath forest water use is the lack of an accurate measurement of sap flow in the dominant emergent A. borneensis. The behavior of this species, which accounts for 65% of the stand basal area, is likely to dictate soil water availability for most of the other species in the forest. Unfortunately, the deep (at least 120 mm) hydroactive zone of A. borneensis made it difficult to obtain accurate measurements of sap flow. Ng (1986) has reported several other tropical species in which heartwood is absent.
Applying the regression in Figure 6 to the basal area of all trees ≥ 0.2 m dbh (n = 196 in both study plots) yielded estimates of stand water use that were virtually identical for dipterocarp and heath forest: 40 and 41 mm month , respectively. This result reflects both the similar size class distributions of the larger trees in the two stands (Davies and Becker 1995) and the use of a common regression. When separate regressions were calculated, the estimated water use was 43 and 35 mm month −1 for dipterocarp forest and heath forest, respectively. Nocturnal water use may be nontrivial, but this was ignored. Stand water use was modest compared with monthly rainfall (64 mm in April 1993 (dry period), 155 mm and 379 mm in November and December, 1993, respectively (wet period)), which partly reflects the restriction of the calculations to trees ≥ 0.2 m dbh. Although trees of this size made up 75% of stand -11, 1993) . Simultaneous, duplicate determinations (᭞, ᭝) of sap flow and crown area were made on all but the smallest tree and combined (᭜) (after Becker and Barker 1995). Figure 6 . Relation between mean daily daytime sap flow and stem basal area for dipterocarp trees (᭡) and heath forest trees (᭹) during the wet period. Because the reduced major axis regression slopes for the dipterocarp and heath forest trees were not significantly different (P > 0.5), a common line was fitted by least squares regression for predictive purposes, following log-transformation of both variables to linearize the data (Sokal and Rohlf 1981) , where Y = 2.41 + 0.647X (n = 16, r 2 = 0.62).
basal area, they apparently accounted for just half of stand water use, based on an extrapolation of the regression in Figure 6 to the smallest trees (0.05 m dbh) measured in the plots. Hence, an accurate estimate of stand water use will require measurement of the numerous small understory trees. Bruijnzeel (1990) ). Doubling my estimate of stand water use based on sap flow measurements brings it in line with Bruijnzeel's (1990) estimate of stand transpiration. However, it is likely that understory trees will use less water for their size than predicted by extrapolation from overstory trees, given that maximum stomatal conductance decreases with depth in the canopy (Roberts et al. 1990 ).
